[1] We studied coatings on five glass-rich basalts from the Big Island of Hawaii. The coatings are characterized by complex morphologies and their thicknesses range from 3 to 80 mm. Coating chemistries are predominantly hydrated silica with minor amounts of Fe-, Ti-, and S-bearing materials. Visible, near infrared, and thermal infrared spectra of the coatings demonstrate that coatings as thin as 3 mm mask the spectral character of the substrate basalt. The Fe-, Ti-, and S-bearing components control the VNIR coating spectra. The hydrated silica component of the coatings dominates the thermal infrared coating spectra. The coating chemistries are consistent with leaching and/or dissolution of basalt glass or tephra in aqueous, acidic, and oxidizing conditions and subsequent precipitation of insoluble phases. Similar alteration conditions are thought to have occurred on Mars, making formation of such coatings on Martian lithologies feasible. Given the capabilities of various Mars missions, if coatings like those of this study were present on Martian lithologies, their chemical and/or spectral signatures would be detectable. Chemical and spectral data from thin ( 10 mm), Fe-and Ti-bearing coatings are consistent with phases capable of explaining the high-SiO 2 component of Type 2 surfaces previously identified in the Thermal Emission Spectrometer data set and are potentially consistent with spectral data from the Mars Exploration Rovers.
Introduction
[2] Remote sensing studies are an important tool for the identification of primary lithologies which provide insight into the fundamental processes that shape planetary surfaces. Classification of primary lithologies through remote sensing depends on direct access to those lithologies, access that is potentially hindered by the presence of secondary lithologies. Coatings are a known class of secondary materials that influence remote sensing studies of Mars. At visible and near infrared (VNIR) wavelengths, Martian dark regions exhibit evidence of thin coatings expressed as negative near infrared spectral slopes [Singer and McCord, 1979] . Coatings also potentially influence thermal infrared spectral data. Thermal Emission Spectrometer (TES) data from wind streaks are consistent with the signature of thin (tens of micrometers) dust coatings [Johnson et al., 2002] . SiO 2 [Kraft et al., 2003] and phyllosilicate coatings [Wyatt and McSween, 2002] have been proposed as alternatives to the SiO 2 -rich glass component identified by spectral deconvolution of the Type 2 lithology established by TES data [Bandfield et al., 2000] . The presence of either coating material would alter the classification of the Type 2 lithology previously classified as andesite to basaltic andesite. Michalski et al. [2005] also explored alternatives to the SiO 2 -rich component in the Type 2 spectrum by linking crystal-chemical characteristics of various SiO 2 -rich materials and clays to their thermal infrared signatures. Michalski et al. found that clays could not yield the thermal infrared signature of the SiO 2 -rich component of the Type 2 spectrum and that more highly polymerized materials (tectosilicates) were required to account for the SiO 2 -rich component spectral signature. Such materials included primary high-SiO 2 glasses (obsidian), zeolites, allophane, and Fe-and/or Al-bearing opal. It is unclear if such materials are compatible with available VNIR data. Palagonitic coatings [e.g., Morris et al., 2003 ] also have been suggested as an alternative to the SiO 2 -rich glass component and have the advantage that they possess proper thermal infrared and VNIR spectral character.
[3] The presence and influence of coatings is supported by lander-based studies of Martian surface lithologies. Dust coatings influenced the analyses of rocks at the Mars Pathfinder landing site [e.g., McSween et al., 1999] and both the Mars Exploration Rover (MER) landing sites [e.g., Bell et al., 2004; Christensen et al., 2004] . Additionally, a clear, homogeneous material that created relatively smooth rock surfaces was indicated by the photometric properties of the gray rock surfaces at the Mars Pathfinder site [Johnson et al., 1999] . Excess oxygen in Mars Pathfinder Alpha Proton X-Ray Spectrometer (MP-APXS) data [Foley et al., 2003] and, possibly, elevated SiO 2 concentrations are also consistent with the presence of hydrated SiO 2 coatings. Direct chemical analyses obtained by the MER Spirit at Gusev Crater reveal the presence of coatings and/or rinds on basalt rocks [Gellert et al., 2004; McSween et al., 2004; Haskin, 2005; Hurowitz et al., 2006] . Chemical and spectral analyses obtained by the Opportunity MER at Meridiani Planum also offer evidence of coatings and/or rinds on several outcrops along the rover's traverse [Learner et al., 2006; Squyres et al., 2006; Jolliff et al., 2006] . The variety of potential coatings and their importance to understanding surface composition of Mars makes the study of potential Mars coating analogs a valuable exercise.
[4] Hawaiian rocks have long served as effective analogs for Martian lithologies [e.g., Singer, 1980 Singer, , 1982 Morris et al., 2000; Bishop et al., 2002] . Coatings are also a common secondary material on Hawaiian basalts [e.g., Hay and Jones, 1972; Farr and Adams, 1984; Curtiss et al., 1985] and are capable of affecting remote sensing data sets [e.g., Kahle et al., 1988; Crisp et al., 1990; Abrams et al., 1991] . The goal of this study is to investigate a collection of rock coatings taken from different locations at the Hawaii Volcanoes National Park (Figure 1 ) as a means of studying feasible Martian coating analogs. Thorough study of the Hawaiian coatings establishes their chemistry, morphology, distribution, and spectral properties at VNIR and thermal infrared wavelengths. This study also serves to reveal the relationship between the coatings, their substrate rocks, and formation environments. Finally, the results of the study are applied to Mars to determine the detectability and possible appearance of coatings in both in situ and remote sensing studies of Martian surface materials.
Analytical Procedure

Scanning Electron Microscope and Electron Microprobe Measurements
[5] In order to perform detailed microscopic analysis of the coatings, we created thin sections of centimeter-sized chips of each of the five Hawaiian samples. We focused on sample surfaces that contained coating materials representative of the coated surfaces as a whole. Each sample chip was coated in epoxy prior to cutting, grinding, and polishing in order to avoid chipping or removal of the coating during the sectioning process. The curation temperature of the epoxy used on the samples and thin sections was kept below 80°C to avoid potential water loss from the samples.
[6] We determined coating morphology, thickness, distribution, and qualitative chemistry with the JEOL 845 scanning electron microscope (SEM) at Arizona State University. Backscattered electron (BSE) imaging permitted assessment of coating morphology and measurement of coating thickness. We measured qualitative chemistry using both spot analyses and elemental x-ray maps obtained from the energy dispersive spectroscopy (EDS) system on the SEM. X-ray maps of Si, Al, Fe, Mg, Ca, Na, K, Ti, and S were also utilized to examine potential relationships between the coatings and substrate basalts. For the spot analyses, data were collected over 10-s intervals of time. Each x-ray map is 256 Â 256 pixels with pixel size dependent on the magnification setting for each image. All SEM measurements were made at an accelerating voltage of 15 kV with a focused beam ($1-2 mm spot) at current levels between 0.2 and 0.6 nA.
[7] To clarify the nature of and elemental distribution in the coating materials, we obtained quantitative chemical data from the coatings and their respective substrate basalts using the JEOL JXA-8600 electron probe at Arizona State University. Analyses were made with a focused, 10 nA beam at an accelerating voltage of 15 kV.
Visible and Near Infrared Spectroscopy
[8] Visible and near infrared (VNIR) spectra of natural coated surfaces and sample interiors exposed by cutting to produce planar surfaces were obtained in the Reflectance Experiment Laboratory (RELAB) facility at Brown University. Reflectance spectra between 0.32 and 2.55 mm were obtained at 10Ànm sampling intervals from the bidirectional spectrometer with 30°incidence and 0°emergence angles as in past experiments [e.g., Pieters, 1983] . Coating spectra were collected from focused (1-mm diameter) spots in order to isolate the spectral properties of each unique area of a coating and interior spectra were collected from broad ($1-cm diameter) areas.
Thermal Infrared Spectroscopy
[9] Thermal infrared (TIR) spectra of unprepared coated surfaces and sample interiors exposed by cutting were obtained in the thermal emission spectroscopy laboratory of the Mars Space Flight Facility at Arizona State University. Emission spectra were collected from broad ($1-cm diameter) spots on the samples between 200 and 2000 cm À1 at 2 cm À1 spectral sampling. Collection of TIR spectra from sample chips generally led to high-quality spectra with good spectral contrast. Consistent collection of both TIR and VNIR spectra from natural surfaces of samples facilitates comparison of the data sets with each other and permits higher fidelity comparisons to planetary surface spectra.
Data Analyses
Description of Samples
[10] Each of the five different coatings of this study, collected at a variety of vents and flows on the Big Island of Hawaii, has a distinctive color, thickness, chemistry, morphology, and spectral character (Figure 2 ). All the samples were collected in August 1999 within a 1-week Figure 2 . Coated surfaces of the five Hawaiian samples of this study. Colored portions of the coatings described in the text are designated with arrows and labels and black portions of the coatings are the uncolored regions of the coatings.
interval. Annual temperatures for the sample locations average between 21 and 27°C. Two samples were collected in the Mauna Iki flow field along the Kilauea SW rift zone (labeled MIY and MIO for the yellow and orange coatings, respectively), located about 10 km from Kilauea caldera (Figure 1 ). The rift zone consists of a linear fissure with numerous spatter cones. The MIY and MIO samples were from the dry climate (rainfall $125 cm/yr) of the Ka'u Desert. Both MIY and MIO were collected from a 1920 flow. Another sample with an orange coating was collected from a lava channel at Mauna Ulu (MUO), about 10 km southeast of Kilauea caldera (Figure 1 ). Mauna Ulu last erupted between 1969 and 1974 and the sample represents lava erupted in 1973. Compared to the Mauna Iki samples, MUO is located in a wetter environment (rainfall $190-200 cm/yr). Finally, two samples with white-and-yellow (KWY) and white (KW) coatings were acquired from 1982 flows within 100 m south of the degassing Halemaumau vent at Kilauea. On KWY, the white-and-yellow coatings were commonly seen on the lava surfaces around the vent, with the yellow coating dominating closer to and downwind of the vent. Outgassing from the active Halemaumau sent a constant stream of gases across the surfaces of these two samples. Rainfall is similar to that for MUO, but water vapor emitted by Halemaumau added to the total amount of water deposited on the KW and KWY samples. Despite having distinctive coatings, the substrate basalts of all five samples are similar in composition. Each basalt is predominantly glassy (85 -95%) with phenocrysts of olivine, augitic pyroxene, anorthite, and rare chromite. The compositions of the glass matrices of the basalts are also similar (Table 1) .
Mauna Iki Orange 3.2.1. Morphology and Chemistry
[11] The Mauna Iki Orange (MIO) sample was collected adjacent to the Mauna Iki fissure vent in a small area where lava blocks on the order of 5 -10 cm were breaking apart along the surface. MIO represents one of these blocks that was loose on the surface (Figure 2) . Inspection of the fissure vent indicates that much of the lava within a meter of the fissure is red in color. The sample we collected was located a few meters away from the fissure and these red rocks in an area where the rocks appeared loose and orange in color. The sample has an orange and brown coating whose color and texture varies across the sample surface. The uncolored areas interspersed among the orange and brown areas on the coated surface are not uncoated; rather, they have a greasy luster that, when chipped off, differs from the vitreous appearance of the substrate basalt. The orange coating has a ceramic-like appearance (earthy luster with a matte texture, like unglazed porcelain) while the brown coating has a granular texture. The orange and brown coating materials are either intermixed with or deposited on the uncolored lustrous coating material. The sample is vesicular but the top surface has fewer vesicles visible apparently because the coating has filled the holes to create a smooth, flat surface.
[12] Variation of the coating appearance across the surface is echoed in variations in coating morphologies at the microscale. MIO exhibits four different types of coating morphologies, the widest variety of coating morphologies observed in any of the five samples. Morphology 1 consists of Fe-bearing SiO 2 with a marble-like texture that contains thin layers of Fe-and Ti-rich material (Figure 3a) . This morphology represents the thickest occurrence of coating material on MIO, ranging from 20 -80 mm thick.
Morphology 2 resembles the first morphology, but has a denser (fewer visible pores and fractures) Fe-bearing SiO 2 matrix and more Fe-and Ti-bearing layers (Figure 3b ). This morphology tends to occur as thinner coatings, ranging from 20-25 mm. Morphology 3 consists of 1 -5 mm-sized fragments of various minerals (pyroxene, feldspar, and oxides) held together by a SiO 2 -rich matrix in an open network yielding a lace-like texture (Figure 3c ). Morphology 4 consists of a 2 -8 mm thick Fe-bearing SiO 2 layer occasionally capped by a thin (<1 mm) Fe-and Ti-rich layer (Figure 3d ). Morphology 4, with or without the Fe-and Ti-rich capping layer, is found across much of the coated surface of MIO. Overall, very little of the centimeter-long section studied of the coated surface of MIO is free of one of the above coatings. The coatings do not grade into one another but in some areas, Morphology 4 is found between one of the other coating morphologies and the substrate basalt. X-ray maps reveal that the substrate basalt remains constant in composition up to the basalt-coating interface.
[13] Visual inspection of the fragment used to create the studied thin section allows some correlation of the coating morphologies observed at the macroscopic and microscopic scales. Morphologies 1 and 2 (Figures 3a and 3b ) correspond to the portions of the coated surface of MIO that have the orange, ceramic-like coating material. Morphology 3 (Figure 3c ) corresponds to the granular brown coating. Morphology 4 without the Fe-and Ti-rich capping layer most likely corresponds to the uncolored portions of the coating. At the microscopic scale, uncapped Morphology 4 is observed underneath the thicker coating morphologies and, at the macroscopic scale, the uncolored coating is observed under the orange and brown coatings. It is not clear which manifestation of the coating corresponds to Morphology 4 with the Fe-and Ti-rich capping layer. It is possible that capped Morphology 4 also represents the uncolored portions of the coating and/or represents weakly colored areas of the coating interspersed between occurrences of the orange and brown coatings.
Electron Probe Results
[14] The analyses of the SiO 2 -rich matrices of the coatings have low oxide totals (Table 2) . While the marble-like textures of coating Morphologies 1 and 4 (Figures 3a and 3d) suggest that porosity may contribute to the low totals, the less porous version of the orange coating (Morphology 2, Figure 3b ) also has a low total (Table 2) . Thus, the low totals most likely reveal that the coatings are water-bearing SiO 2 -rich coatings, making the coatings opaline. We do not have mineralogical evidence specifically identifying a particular form of opal, but instead use the term opaline to describe the nature of the coating matrices (water-bearing SiO 2 ). The bright layers and caps exhibited in the orange coatings ( Figure 3 ) are too narrow to sample alone with the electron beam, but they have higher concentrations of Fe and Ti than the matrix SiO 2 and they are more Fe-rich than Ti-rich (Table 3 ). The Fe-and Ti-bearing cap on the thin SiO 2 coating has subequal amounts of Fe and Ti (Table 3) . Overall, analyses of the SiO 2 -rich matrices of all the coating morphologies contain minor (1-5 wt.%) amounts of Fe and Ti and very low concentrations (<1 wt.%) of all elements.
Spectral Properties
[15] In the VNIR, the spectrum of an orange coated surface has high reflectivity and exhibits several distinct features ( Figure 4) . The spectrum has a major absorption band at <0.7 mm and minor features, expressed as inflections, at 0.48, $0.66, and $0.85 mm. Bands also occur near 1.0, 1.45, 1.93, and 2.3 mm. These absorptions are overprinted on a negative spectral slope extending from the reflectance peak at 0.74 mm to longer wavelengths. Such negative spectral slopes are characteristic of the VNIR spectra of coated basalts [Singer and McCord, 1979; Fischer and Pieters, 1993] . The spectrum of an uncolored area on the coated surface of MIO clearly demonstrates that while uncolored, it is not uncoated. Like the spectrum of the orange coating, the uncolored surface spectrum has a negative continuum slope and absorptions at 0.48 and 1.93 mm (Figure 4 ), but it is less reflective at all wavelengths. The spectral character of a region of brown coating was not assessed because it was not recognized as a potentially distinct coating type until after the spectral data were collected. The interior spectrum of MIO, taken after cutting the sample to expose an uncoated surface, has a reflectivity comparable to the uncolored coating spectrum and clearly differs from the spectra of the coatings (Figure 4 ). The interior spectrum exhibits strong absorptions near 1 and 2.25 mm and weaker absorptions near 0.5 and 1.3 mm.
[16] In the TIR, a coating spectrum obtained from a surface exhibiting a combination of the orange, brown, and uncolored coatings displays two strong absorptions near 1100 and 470 cm À1 , a weaker absorption near 1250 cm À1 that manifests itself as a shoulder on the 1100 cm À1 feature and two weak features near 900 and 780 cm À1 ( Figure 5 ). The spectrum of the coated surface of MIO significantly differs from the interior spectrum, which has a single, boxy absorption between 800 and 1200 cm À1 and a single, broad absorption at <600 cm . Thermal infrared spectra of coated sample surfaces as seen in Figure 2 . Some spectra are offset along the emissivity axis for clarity (KWY, À0.04; MIY, À0.08; KW, À0.12; MIO, À0.14). Sharp features at $670 cm À1 are due to incompletely removed CO 2 vapor in the sample chamber. Figure 6 . Thermal infrared spectra of four of the sample interiors from cut surfaces; no interior spectrum was obtained from KW. Some spectra are offset along the emissivity axis for clarity (KWY, À0.02; MUO, À0.03; MIY, À0.06). Sharp features at $670 cm À1 are due to incompletely removed CO 2 vapor in the sample chamber.
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( Figure 6 ). The low spectral contrast of the interior spectrum is likely due to the porous nature of the MIO basalt and the scattering of energy [e.g., Lyon, 1964; Aronson et al., 1966; Hunt and Vincent, 1968; Salisbury and Wald, 1992; Moersch and Christensen, 1995; Mustard and Hays, 1997; Lane, 1999] .
Mauna Iki Yellow 3.3.1. Morphology and Chemistry
[17] The Mauna Iki Yellow (MIY) sample has a far less variable coating than the MIO sample. The colored portions of the coating are orange-yellow and exhibit a ceramic-like texture that is uniform across the dense basalt substrate. The patchy occurrences of the colored coating are found almost exclusively in low-lying areas on the sample surface. The uncolored areas of MIY, like MIO, are coated with a material that has greasy luster that differs from the color and luster of the underlying basalt. The colored coating, where present, always overlies the uncolored, greasy luster coating. The rock is relatively dense compared to MIO and is likely a piece of a lava flow rather than spatter. Olivine grains, 1 mm in size, are visible within the interior of the rock but not on the coated surface.
[18] The bimodal nature of the MIY coating is confirmed at the microscale. One coating morphology simply consists of a marble-textured SiO 2 -rich coating that ranges from 5 -7 mm thick (Figure 7a ). The second coating morphology is also marble-textured SiO 2 , but is capped by an Fe-and Ti-bearing layer <1 mm thick (Figure 7b ). Both coatings lie in direct contact with the substrate basalt which exhibits no chemical gradient leading up to the coating-basalt interface. Visual inspection of the sample chip used to make the studied thin section appears to link the colored portions of the coating to the Fe-and Ticapped coating morphology and the uncolored portions to the uncapped SiO 2 morphology.
Electron Probe Results
[19] The MIY coatings exhibit low oxide totals, which are again likely due to combination of porosity and water (Table 2 ). Unlike MIO, the opaline matrix of the coatings has low concentrations (<1 wt.%) of Fe and Ti, similar to the concentrations of the other elements in the coatings. The bright caps present on some of the SiO 2 coatings are enriched in Fe and Ti relative to the underlying opaline matrix, with Ti present in equal or greater amounts than Fe (Table 3) .
Spectral Properties
[20] In the VNIR, the orange-yellow coating has a high reflectivity with a reflectivity maximum at 0.65 mm and an absorption edge to the short wavelength side of the reflectivity maximum that has an inflection at 0.48 mm (Figure 8 ). At wavelengths longer than 0.65 mm, the spectrum has a negative slope which flattens out near a minor inflection at 1.9 mm. The uncolored coating spectrum has very low reflectivity and is nearly featureless although it also exhibits a negative spectral slope (Figure 8 ). The spectra of the coatings significantly differ from the spectrum of the MIY interior (Figure 8 ). The interior spectrum exhibits a broad hump between $0.45 and 0.75 mm, strong absorptions near 1.0 and 2.3 mm and a weaker absorption near 1.3 mm. [21] In the TIR, the coating spectrum has strong absorptions near 1100 and 450 cm À1 and a weak absorption near 1250 cm À1 ( Figure 5 ). The small inflection at 667 cm À1 is due to a small amount of CO 2 gas in the sample chamber. The interior spectrum has a broad, squared-off shape between 800 and 1200 cm À1 and three weak absorptions between 250 and 550 cm À1 ( Figure 6 ). The high spectral contrast of the interior spectrum results from the dense nature of the MIY sample and lack of substantial scattering of the emitted energy.
Mauna Ulu Orange 3.4.1. Morphology and Chemistry
[22] The Mauna Ulu Orange (MUO) sample has a discontinuous, powdery orange coating over a porous basalt substrate that can be wiped off the rock surface unlike the coatings on the other four samples that are cemented onto their substrate basalts. The sample was collected from a small surface lava channel that appeared entirely covered by the powdery orange coating. Distribution of the orange coating is not controlled by sample topography, though topographic lows have higher concentrations of the orange material. The uncolored areas of the coated surface correspond to a dull, apparently altered version of the substrate basalt. Unlike the orange coating, the uncolored coating is affixed to the substrate basalt. The colored coating is always found on top of the uncolored coating.
[23] SEM analyses reveal that MUO is coated with a very thin (2-3 mm), marble-textured, SiO 2 -enriched (relative to the substrate basalt) layer that is nearly ubiquitous across the surface of the studied sample ( Figure 9 ). The outermost portion of the SiO 2 -enriched coating is discontinuously capped by Fe-and Ti-enriched material. Through visual inspection of the thin-sectioned MUO sample, it was not possible to definitively link macroscale and microscale coating morphology. It is likely, though, that the ubiquitous SiO 2 coating corresponds to the uncolored coating and that the Fe-and Ti-enriched regions on the coating correspond to the powdery, colored portions of the coating. Beneath the thin, SiO 2 coating, the substrate basalt exhibits no chemical variation at or near the basalt-coating interface.
Electron Probe Results
[24] The thinness of the coating required us to retrieve data from an analysis point overlapping the coating and substrate basalt. These analyses provide support for the qualitative chemical analyses from the SEM because they illustrate that the coating is enriched in SiO 2 relative to the substrate basalt (Tables 1 and 3 ). Enrichments of Fe and Ti at the outermost portion of the coating apparent in the elemental maps from the SEM (Figure 9 ) do not appear in the electron probe data most likely due to the very small size of the enriched zones relative to the analysis spot size.
Spectral Properties
[25] In the VNIR, the orange coating spectrum resembles the colored coating spectrum of MIY, but with lower reflectivity ( Figure 10 ). The spectrum has a reflectivity maximum at 0.62 mm, a strong absorption band at wavelengths <0.6 mm and a minor inflection at 0.48 mm. At wavelengths longer than 0.62 mm, the spectrum has a negative slope that flattens out at wavelengths longer than 1.9 mm. The uncolored coating spectrum is, in effect, a less-reflective version of the colored coating spectrum ( Figure 10 ). It has a broad reflectivity maximum at shorter wavelengths (0.56 mm) and reaches a flat continuum slope at shorter wavelengths ($1.2 mm) than the colored coating spectrum, but shares the 0.48 mm inflection found in the colored coating spectrum. The interior spectrum is dark with broad features centered near 1.1 and 1.9 mm and a weak feature at <0.64 mm (Figure 10 ).
[26] In the TIR, the coated surface spectrum has three dominant absorptions at 1100, $880, and $470 cm À1 and one minor absorption near 1250 cm À1 ( Figure 5 ). The interior spectrum exhibits a single, U-shaped absorption Figure 9 . BSE image of the coating present on MUO. Arrow points to the coating; substrate glass is labeled (gl). Coating is very thin, marble-textured SiO 2 with discontinuously distributed enrichments of Fe and Ti (brighter material at outermost edge of coating). Figure 10 . VNIR spectra from the orange (black solid) and uncolored (black dashed) portions of the MUO coating and from the interior (gray) of MUO. Interior spectrum is offset À0.01 along the reflectance axis for clarity.
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MINITTI ET AL.: HAWAIIAN ROCK COATINGS between 1200 and 800 cm À1 and a single, broad absorption at wave numbers smaller than $600 cm À1 ( Figure 6 ).
Kilauea White-Yellow 3.5.1. Morphology and Chemistry
[27] Kilauea White-Yellow (KWY) has a mixture of white, yellow, and uncolored coatings and was taken from a very vesicular lava fragment/pumice near the Halemaumau vent. Distribution of the white and yellow coatings is controlled to some degree by sample topography in that neither coating sits atop bulges or ridges along the sample surface. The white coating has an opaque, chalk-like appearance and is stratigraphically the lowest coating morphology. The white coating is also found lining vesicles interior to the surface of the sample. The uncolored coating has a greasy, translucent appearance and it has a gradational relationship with the yellow coating which has a ceramic-like appearance. The uncolored coating is commonly, but not exclusively, found over the topographically high portions of the sample surface and the gradation of the uncolored coating to the yellow coating occurs at the base of the topographical highs. Where the yellow and the uncolored coatings have this geometry, the yellow coating always overlies the white coating. It is not clear if the white coating also extends under the uncolored portions of the coating.
[28] At the microscopic level, KWY has two distinct coating morphologies: a marble-textured, nearly pure SiO 2 material commonly capped by a Ti-rich layer ( Figure 11a ) and a S-bearing SiO 2 material with a less porous SiO 2 matrix than the former material. The S-bearing SiO 2 coating is unlike coatings observed on the MIO, MIY, and MUO samples and commonly has minerals such as feldspars and oxides embedded in the matrix (Figure 11b ). In some occurrences, the S-bearing SiO 2 matrix contains minor amounts of Fe. The coating morphologies are present either directly in contact with the substrate basalt or with the marble-textured coating underlying the S-bearing SiO 2 material; the S-bearing SiO 2 coating is never observed below the marble-textured coating. Both coating morphologies are between 10 and 70 mm thick. The substrate basalt remains constant in composition up to the basalt-coating interfaces with both coating types.
[29] On the basis of the combination of observations at the macroscopic and microscopic scales, the white coating appears to correspond to the Ti-capped, marble-textured SiO 2 coating. This association is supported by the observations that the white coating is always underneath the uncolored and yellow coatings and the Ti-capped SiO 2 coating is found underneath the S-bearing SiO 2 coating. This observation necessitates that dense, mineral-and Sbearing SiO 2 coating represents both the uncolored and yellow coatings.
Electron Probe Results
[30] Opaline coatings for both coating morphologies are indicated by low oxide totals. The dense coatings have totals as low as the marble-textured coatings, suggesting that the presence of water is the primary factor in the low totals ( Table 2 ). The SiO 2 of the marble-textured coating is accompanied by minor amounts of FeO (0.2 -0.7 wt.%) and TiO 2 (0.3 -2.5 wt.%), with TiO 2 typically in greater abundance than FeO. All other oxides are at concentrations <1 wt.%. The caps of the marble-textured coatings are also predominantly SiO 2 , FeO, and TiO 2 , with TiO 2 present in much greater abundance than FeO (Table 3 ). The dense SiO 2 coating has minor, subequal (0.2 -0.5 wt.%) amounts of FeO and TiO 2 ( Table 2 ). The S content of the matrix of the dense coating was difficult to quantify with the electron probe due to the volatile nature of the element. Qualitatively, the SEM x-ray maps of S, Fe, and Ti in the dense coating suggest concentrations of S > Ti > Fe. In contrast, SEM x-ray data from the KWY marble-textured coating and any other coating morphology on MIO, MIY, or MUO show no indication of the presence of S in these coatings.
Spectral Properties
[31] Despite different appearances, the three coating colors on KWY exhibit similar spectral properties in the VNIR. The yellow coating spectrum is the most reflective with a strong absorption band at wavelengths <0.65 mm, a broad reflectance maximum between 0.65 and 0.75 mm and a negative spectral slope at wavelengths >0.75 mm (Figure 12 ). Two bands near 1.8 and 1.95 mm are overprinted on the negative spectral slope. Like the colored MIO, MIY, and MUO coatings, the yellow KWY coating also exhibits a minor absorption feature near 0.48 mm. The primary differences between the white and yellow coatings are that the white coating spectrum is darker, has a major absorption band at <0.46 mm, and a broad reflectance maximum from about 0.4 to 0.7 mm (Figure 12 ). The white coating spectrum shares the minor absorption feature near 0.48 mm and the bands near 1.8 and 1.95 mm with the yellow coating. The uncolored coating spectrum is nearly identical to the white coating spectrum but is less reflective than the white coating ( Figure 12 ). The spectra of all three coating colors differ from that of the interior spectrum which is dark but exhibits weak absorptions at <0.7 mm, near 1 and 2 mm.
[32] In the TIR, a spectrum from a surface containing all three coating colors exhibits a pronounced feature near 1100 cm À1 , a smaller shoulder near $1250 cm
À1
, and a feature near 470 cm À1 ( Figure 5 ). The feature at 667 cm
is again due to small amounts of CO 2 gas in the sample chamber during sample measurement. This spectrum is similar to the other glass spectra and suggests that the minor amount of sulfur in the coating does not affect the overall spectral character of the coating. The interior spectrum is unlike those of the other samples ( Figure 6 ). It exhibits absorptions near 1100, 900, and 470 cm À1 , which resemble the features in the MUO coating spectrum ( Figure 5 ). The low spectral contrast of the interior spectrum is likely due to the porous nature of the sample.
3.6. Kilauea White 3.6.1. Morphology and Chemistry
[33] The Kilauea White (KW) sample has a white coating accreted over a large fraction of a very porous, glassy pillow lava. The white coating can be divided into two morphologies: an opaque, chalk-like white coating and an opaque, ceramic-like white coating. The distribution of the white coatings is not controlled by sample topography, particularly the chalky coating which appears underneath ledges of broken vesicles and inside vesicles interior to the sample. Where the ceramic coating is observed, it is stratigraphically above the chalky coating. The uncolored areas of KW are coated with a translucent material that has a greasy luster. The relationship between the uncolored and both white coatings is gradational, with transitions from uncolored to milky to chalky or ceramic coatings common across the coated sample surface.
[34] At the microscopic scale, two coating morphologies are present on KW and both are nearly identical to those found on KWY (Figures 11 and 13 ). One minor difference Figure 12 . VNIR spectra from the yellow (as labeled), white (as labeled) and uncolored (black dashed) portions of the KWY coating and from the interior (gray) of KWY. Interior spectrum is offset À0.01 along the reflectance axis for clarity. is that the marble-textured, pure SiO 2 coating ( Figure 13a ) possesses a Ti-rich cap less frequently than the comparable coating on KWY. The range of KW coating thicknesses is 10-35 mm. As with KWY, the S-bearing coating ( Figure 13b ) of KW is observed overlying the marble-textured SiO 2 coating and the opposite is not observed. No chemical variation is observed in the substrate basalt underlying both coating types at or near the basalt-coating interface. Correlations between macroscopic and microscopic observations suggest that the chalky white coating corresponds to the marble-textured SiO 2 coating and the ceramic white coating corresponds to the S-bearing coating. Because the uncolored coating is observed to merge with both the chalky and ceramic coatings, it is not clear which microscopic coating morphology (or if both morphologies) correspond(s) to the uncolored coating.
Electron Probe Results
[35] Low oxide totals indicative of opaline coatings are obtained in analyses of both coating morphologies (Table 2) . SiO 2 in the marble-textured coating is accompanied by minor amounts of FeO and TiO 2 (0.1 -0.3 wt.%), smaller than those observed in the comparable SiO 2 coatings on the other samples. The capping layer on the marble-textured coating contains FeO and TiO 2 , but TiO 2 exists in much higher concentrations relative to FeO (Table 3 ). The mineraland S-bearing coating is comparable in composition to the analogous coating on KWY, with similar small amounts of FeO and TiO 2 (Table 2) . S was again difficult to measure quantitatively with the electron probe but qualitative SEM x-ray data suggest that S is present in greater quantity than Fe or Ti. Comparison of the SEM x-ray data of the S-and mineral-bearing coatings of KWY and KW suggest that their S contents are similar.
Spectral Properties
[36] In the VNIR, the spectrum of a white coated surface (powdery and opaque not differentiated) exhibits a strong absorption band near 0.3 mm, a reflectance maximum at 0.44 mm and a consistently negative spectral slope at wavelengths longer than 0.44 mm (Figure 14) . The position of the reflectance maximum is shifted to shorter wavelengths relative to the positions of the maxima of the MIO, MIY, MUO, and KWY colored coating spectra (Figure 15 ).
Another notable characteristic of the white coating spectrum is its lack of a 0.48-mm feature. The uncolored coating has very low reflectance and has an absorption band near 0.3 mm, a sharp reflectance peak at 0.37 mm, and a negatively sloping continuum at wavelengths longer than the reflectance peak ( Figure 14) . The interior spectrum is the darkest of all the interior VNIR spectra and is flat and nearly featureless. Subtle detail in the interior spectrum discernable when the spectrum is viewed on an extended reflectance scale (not shown) resembles that of the MUO and KWY interior spectra (Figure 14) .
[37] In the TIR, a coated surface spectrum resembles those of the other coating spectra, with strong absorptions near 1100 and 470 cm À1 , a shoulder near 1250 cm À1 and a weak absorption near 900 cm À1 ( Figure 5 ). The highly porous nature of the KW basalt precluded obtaining a highquality TIR spectrum of the sample interior. It is anticipated that due to the similar modal mineralogy of the KW basalt to the other four basalts, the spectrum of the KW interior would share the same characteristics as the interior spectra of the other basalts.
Summary
[38] The five coated Hawaiian basalts described in detail above and summarized in Table 4 share notable similarities and differences. All five samples possess a common marble-textured, opaline coating capped by an FeO-and/ or TiO 2 -rich layer. Unique coatings exist on MIO, KWY, and KW. MIO has a dense opaline coating with FeO-and TiO 2 -bearing layers (Morphology 2, Figure 3b ) and a mineral-bearing coating (Morphology 3, Figure 3c ). KWY and KW have dense, mineral-and S-bearing opaline coatings that overlie the marble-textured coatings of each sample (Figures 11 and 13) . All of the coating types contain very little Al 2 O 3 (<1 wt.%), making them unlike other SiO 2 -rich coatings or palagonites found on Hawaii (Table 2 ; Hay and Jones [1972] ; Farr and Adams [1984] ; Curtiss et al. [1985] ; Morris et al. [2000] ). Despite their distinctive colors, the overall VNIR character of the coatings is similar, with subtle differences only in the specific wavelength of reflectance maxima and the presence of minor features. The overall TIR character of the coatings is very similar, with differences primarily confined to the relative depths of absorption features that likely are related to the surface textures and/or porosities ( Figure 5 ). The coating spectra of all five samples differ significantly from their corresponding interior spectra, illustrating the ability of coatings to mask the spectral character of primary lithologies even when the coatings are thin. The following discussion seeks to interpret the similarities and differences between the coatings and place them in context of the formation mechanisms and environments responsible for formation of the coatings.
Discussion
Coating Formation Conditions
[39] Given the large proportion of glass in the five Hawaiian samples of this study, understanding the behavior of glass under alteration conditions that exist in the region where the samples were collected is important in interpreting the origin of the coatings. Past studies of alteration products from Hawaiian rocks constrain the conditions that likely controlled alteration of the rocks of this study. Water is almost exclusively cited as the altering fluid of Hawaiian lithologies [Macdonald, 1944; Hay and Jones, 1972; Farr and Adams, 1984; Curtiss et al., 1985; Morris et al., 2000] . All five samples of this study originate from areas with levels of rainfall ($120 -200 cm/yr) that are sufficient to support glass alteration given the similarly wet or drier regions in which glass alteration has been recorded [e.g., Hay and Jones, 1972; Farr and Adams, 1984; Curtiss et al., 1985] . Another potential source of water is high-temperature steam alteration associated with active vents [Macdonald, 1944; Morris et al., 2000] . KWY and KW, which originate from the degassing Halemaumau vent, could have been subjected to such steam vent alteration. However, MUO did not originate near active vents and MIO and MIY occur both upwind and downwind from vents that were active postdeposition, making it unlikely that their coatings are related to degassing (S.K. Rowland, personal communication). Thus, we assume that all the coatings of this study formed as meteoric water interacted with the substrate glass. The involvement of water in coating formation is also implicated by the low oxide totals obtained from coating analyses (Table 2) . We do not expect the coatings to be a product of direct deposition from volcanic gases [e.g., Chemtob et al., 2006] given the consistency of the coating chemistry among samples despite their varying spacing relative to active vents.
[40] Precipitation over the regions where the samples of this study were collected is consistently acidic in both eruptive and non-eruptive periods of Kilauea, from pH $ 4 at Mauna Iki to a pH as low $3 at Halemaumau [Harding and Miller, 1982] . The pH of precipitation in these areas is lower than the average island precipitation pH because rain falling within $10 km of the summit is influenced by volcanic emissions [Harding and Miller, 1982] . Incorporation of S from active vent gases is cited as a factor in creating acidic altering fluids [Macdonald, 1944; Banin et al., 1997; Morris et al., 1996 Morris et al., , 2000 Tosca et al., 2004] which lead to unique alteration products. For example, the jarosite in Hawaiian alteration products is interpreted as the product of weathering in acidic fluids [Banin et al., 1997; Morris et al., 1996; Golden et al., 1996; Schiffman et al., 2007] and requires a pH < 4 [van Breemen, 1982; Burns, 1987; Burns and Fisher, 1990; Morris et al., 2000] . The presence of S in the KW and KWY coatings suggests that volcanic gases influenced the samples of this study.
[41] The products of Hawaiian basalt glass alteration also provide evidence for oxidizing conditions during alteration. Hydrolytically altered and palagonitized samples studied by Hay and Jones [1972] -related absorptions in the VNIR spectra of the coatings (see section 5.6 below) provide evidence of oxidizing conditions in the formation of the coatings of this study.
Coating Formation Mechanisms
[42] To understand the origin of the coatings, it is necessary to understand the behavior of basaltic glass at ambient temperature in aqueous, oxidizing, and acidic conditions. Can such conditions lead to predominantly SiO 2 coatings with coexisting Fe-and/or Ti-rich materials and with virtually no Al? Multiple laboratory studies on the behavior of basalt glass in water suggest two possible endmember pathways by which conditions of Hawaiian alteration can lead to the observed coatings. The first pathway involves leaching the basalt glass of nearly everything but SiO 2 and later precipitating Fe-and Ti-bearing secondary phases from the altering fluid. The second pathway involves dissolving the basalt as a whole followed by coating formation by secondary phase precipitation alone. [43] In the former scenario, leaching leads to nonstoichiometric (relative to the original glass chemistry) removal of cations from the glass as cations are exchanged for protons from the water [El-Shamy et al., 1972; Bunker et al., 1983; Berger et al., 1987; Guy and Schott, 1989; Thorseth et al., 1991] . Water at low pH encourages nonstoichiometric dissolution because acidic conditions enhance ion exchange and suppress network dissolution [Bunker et al., 1983; Furnes, 1984; Guy and Schott, 1989; Thorseth et al., 1991; Stroncik and Schmincke, 2002; Crovisier et al., 2003] . Acidic conditions also lead to high dissolution rates [White, 1984; Gislason and Eugster, 1987; Guy and Schott, 1989; Oelkers and Gislason, 2001] . Leaching leads to a layer depleted in univalent and divalent cations and enriched in higher valence cations (for example, Al, Si, and Ti) because lower valence cations are more easily exchanged [White, 1984] . Retention of Si in a leached layer is observed in multiple studies [Bunker et al., 1983; White, 1984; Guy and Schott, 1989; Thorseth et al., 1991; Eick et al., 1996; Tosca et al., 2004] and in the experiments of El-Shamy et al. [1972] and Banin et al. [1997] , Si remains in the altering basalt at pHs of < 7 and 3 -4, respectively. Very acidic conditions are cited as the cause behind the transformation of basaltic samples to nearly pure opal in solfatarically altered rocks at Kilauea [Macdonald, 1944] . Si is not completely immobile under acidic conditions, however. Si is observed in solution in fluids altering basalt glass in multiple studies [White, 1984; Guy and Schott, 1989; Oelkers and Gislason, 2001; Eick et al., 1996; Tosca et al., 2004] . To preserve a SiO 2 -rich leached layer, the pH of the system must remain low because the leaching process can transition to a stoichiometric process (i.e., uniform removal of all cations) at pH > 9 [El-Shamy et al., 1972; Crovisier et al., 1987; Thorseth et al., 1991; Daux et al., 1994; Crovisier et al., 2003; Stroncik and Schmincke, 2002] . The transition to stoichiometric dissolution occurs because slightly basic pH permits breakage of Si-O bonds [El-Shamy et al., 1972; Paul and Zaman, 1978; Scholze, 1988] . Rise in pH during basalt glass alteration is observed in closed systems [El-Shamy et al., 1972; Bunker et al., 1983; Crovisier et al., 1987; Gislason and Eugster, 1987; Jercinovic et al., 1990; Thorseth et al., 1991; Daux et al., 1994; Stroncik and Schmincke, 2002; Crovisier et al., 2003] . The pH also rises during basalt glass alteration at moderately acidic pHs (>2 -3) and low water-to-rock ratios (<10; Tosca et al. [2004] ; Hurowitz et al. [2006] ). Thus, an open system with constantly renewed acidic fluid, a starting fluid with a very low pH (<2 -3) and/or a moderately acidic pH with a high water-to-rock ratio (>100) appears necessary to preserve SiO 2 -enriched leached layers.
Leaching and Precipitation
[44] A system with consistently low pH can also explain loss of Al from the leached layer. A pH of <3 facilitates loss of Al from the glass and retention in the altering fluid because Al forms soluble ions at low pH [Paul and Zaman, 1978; Jercinovic et al., 1990] . Once Al is lost from the basalt, a number of factors could prevent its precipitation. Maintenance of low pH (<5) keeps Al in solution and prevents formation of hydrated or hydroxylated Al-bearing phases [Stumm and Morgan, 1996; Drever, 1997; Hurowitz et al., 2006] . High flow rate, consistent with an open system, has been shown to lead to a zero precipitation/ release ratio for Al and nonzero precipitation/release ratios for other cations, particularly Si [Daux et al., 1997] .
[45] The balance between the acidic and oxidizing conditions of Hawaiian alteration dictates the behavior of Fe during leaching. Very acidic conditions (pH < 3; Paul and Zaman [1978] ; Hurowitz et al., 2006] ) place Fe in solution, slow its oxidation (pH < $4; Burns [1993a Burns [ , 1993b ; Stumm and Morgan [1996] ; Hurowitz et al. [2006] ) and, in turn, its precipitation. However, slightly less acidic (pH > 3; Burns [1993a Burns [ , 1993b Hurowitz et al. [2006] ) and oxidizing conditions lead to the retention (or precipitation) of Fe 3+ during leaching. Thus, to create Fe-rich material, conditions must be either oxidizing and just acidic enough (pH $ 3-4) to retain Fe in the glass or sufficiently acidic (pH < 3) to remove Fe from the glass in preparation for its later precipitation into Fe-rich material. In the latter case, a slight increase in pH would facilitate Fe oxidation and precipitation as is observed in multiple studies (pH > 3, Thorseth et al. [1991] ; pH 7, Eick et al. [1996] ; pH $5.5, Crovisier et al. [2003] ; pH 4, Tosca et al. [2004] ). Reduction of water/ rock of the system, closing of the system and/or reduction in the system flow rate could facilitate an increase in the original fluid pH as cations are liberated from the glass [El-Shamy et al., 1972; Crovisier et al., 1987; Thorseth et al., 1991; Daux et al., 1994; Stroncik and Schmincke, 2002; Crovisier et al., 2003 ]. An increase in pH that encourages Fe oxidation and precipitation must be small enough to prevent Al precipitation and SiO 2 dissolution. The precipitated phases are typically amorphous or poorly crystalline ferric oxides or ferric oxyhydroxides [e.g., Morris et al., 2000; Crovisier et al., 2003; Tosca et al., 2004] .
[46] Hawaiian alteration conditions can lead to a variety of Ti behaviors during leaching. Morris explained Ti enrichments in altered volcanic material as the result of Ti retention during steam vent alteration governed by acidic (pH > 3) and oxidizing conditions. Tosca et al. [2004] and Eick et al. [1996] observed enrichments in Ti due to Ti retention in leached layers formed at pH $ 2 -3 and pH 3 and 5, respectively. Alternatively, Ti-bearing secondary products found as a result of glass alteration [e.g., Furnes and E1-Anbaawy, 1980; Golden et al., 1996] demonstrate that Ti is not totally immobile during leaching at acidic conditions [Furnes, 1984] . Examples of secondary Ti phases are an amorphous TiO 2 -rich phase [Furnes and E1-Anbaawy, 1980] or Ti-bearing jarosite .
Dissolution and Precipitation
[47] Rather, than trying to separate all cations from Si through leaching, a second alteration pathway liberates all elements through total glass dissolution and separates the elements through precipitation. Dissolution-precipitation is commonly cited as the process behind palagonite formation [Furnes, 1984; Hay and Iijima, 1968; Jercinovic et al., 1990; Daux et al., 1994; Crovisier et al., 2003; Stroncik and Schmincke, 2002] . Dissolution-precipitation must be considered as a coating formation pathway because in studies E05015that produced SiO 2 -enriched leached layers, the thicknesses of the leached layers are much less (50 -200 nm, Eick et al.
[1996]; 1 -2 mm, Berger et al. [1987] ; 2 -4 mm, Thorseth et al. [1991] ; 5 mm, Guy and Schott [1989] ; 10 mm, Tosca et al. [2004] ) than the coating thicknesses of most of the samples of this study. Additionally, experimentally produced leached layers are very rarely pure SiO 2 . They consistently contain Al in significantly greater amounts than those measured in our coatings ( Table 2) . As stated above, there is evidence for nonstoichiometric glass dissolution with liberation of network modifying [El-Shamy et al., 1972; Bunker et al., 1983; Berger et al., 1987; Guy and Schott, 1989; Thorseth et al., 1991] and forming [El-Shamy et al., 1972; Furnes and E1-Anbaawy, 1980; Jercinovic et al., 1990; Tosca et al., 2004] cations at acidic conditions. Glass dissolution could also be stoichiometric if alteration took place in a closed system or in a system with a sufficiently low flow rate to permit an increase in the original fluid pH [El-Shamy et al., 1972; Crovisier et al., 1987; Crovisier et al., 2003; Stroncik and Schmincke, 2002; Thorseth et al., 1991; Daux et al., 1994] . Once all cations are in solution, complementary conditions exist that permit Si, Fe, and Ti precipitation. Tosca et al. [2004] found that amorphous SiO 2 precipitated from altering fluids of pH 0-4, particularly from fluids with pH < 2. Curtiss et al. [1985] modeled the evaporation of acidic fluids (pH = 3.6-5.5) after their interaction with basalt glass and tephra and consistently found amorphous SiO 2 as a precipitate. Gislason and Eugster [1987] found that chalcedony-like SiO 2 precipitated from higher pH fluids (pH $ 7 -9), but at higher temperatures (45 -65°C) than are likely relevant to the coatings of this study. In general, the prevalence of precipitation of secondary SiO 2 liberated from the alteration of basaltic rocks is described in detail by McLennan [2003] . Fe and Ti precipitation most readily occur at pH >3 [Paul and Zaman, 1978; Thorseth et al., 1991; Morris et al., 2000] which permits incorporation of Fe and Ti-rich materials into or on coprecipitated SiO 2 . Si, Fe, and Ti precipitation can occur without Al precipitation if pH remains below $5, as stabilization of Al-bearing hydroxides and phyllosilicates is generally suppressed at pH < 5 [Stumm and Morgan, 1996; Drever, 1997; Hurowitz et al., 2006] . Separation of Al from Fe and Ti is also facilitated by elevated flow rate [Daux et al., 1997] .
[48] Dissolution-precipitation is often cited as the mechanism behind coating or palagonite formation because of a sharp chemical boundary between the alteration product and the substrate glass [Hay and Iijima, 1968; Hay and Jones, 1972; Allen et al., 1981; Farr and Adams, 1984; Furnes, 1984; Jercinovic et al., 1990; Crovisier et al., 2003] . Microanalytical studies of leached layer-substrate glass boundaries, however, have revealed that the leaching process does not necessarily leave behind a chemical gradient in the substrate glass that can be detected by SEM or the electron probe. The chemical gradients associated with laboratory and natural leaching of ferromagnesian silicates and glasses with <60 wt.% SiO 2 have been observed to exist on the nanometer-scale [Smets and Lommen, 1982; Schott and Petit, 1987; Mogk and Locke, 1988; Petit et al., 1990; Eick et al., 1996] . Thus, a lack of chemical gradient in the substrate glass below a coating is not diagnostic of the process that led to the coating formation.
Coating Morphology and Chemistry
[49] The morphology and chemistry (Table 4) of the coatings on the five Hawaiian samples of this study can be explained by the action of one or both of the above mechanisms. The leaching mechanism is capable of producing the marble-textured coatings of MUO and MIY, given their comparable thicknesses (3 -10 mm) to leached layers observed in other studies [Guy and Schott, 1989; Thorseth et al., 1991; Tosca et al., 2004] . The porosities of the MUO and MIY coatings are also consistent with significant removal of cations from the original glass [e.g., Thorseth et al., 1991] . Formation of the coatings via the dissolution/precipitation mechanism cannot be ruled out, however. Whether leaching or total glass dissolution was responsible for coating formation, the pH of the system had to be <3 to hinder retention (or precipitation) of Fe and Ti (and Al) throughout the bulk of the coatings. Thus, the Feand Ti-bearing capping layers on MUO and MIY most likely result from Fe and Ti precipitation caused by a slight increase in system pH (3 -4; Burns [1987] ; Thorseth et al. [1991] ; Tosca et al. [2004] ; Hurowitz et al. [2006] ).
[50] If the leaching mechanism were responsible for the formation of the marble-textured coatings on MIO, KW, and KWY, then sustained, low pH conditions were required to form the thick, nearly pure, hydrous SiO 2 coatings. This would imply a unique environment for formation of the coatings as the literature offers many more examples of thick coatings formed via the dissolution/precipitation mechanism [Hay and Iijima, 1968; Furnes, 1984; Jercinovic et al., 1990; Daux et al., 1994; Stroncik and Schmincke, 2002; Crovisier et al., 2003] . No matter which mechanism was responsible for coating formation, detailed chemistry of the predominantly SiO 2 matrix of the coatings and their Fe-and Tienriched layers offer insight into chemistry of alteration. The dearth of Fe and Ti (and Al) throughout the bulk of the marble-textured coating on KW, like that of MIY (Tables 2  and 4 ), suggests that conditions were very acidic (pH < 3) during coating formation. The presence of Fe and Ti in the SiO 2 matrix of the marble-textured coatings of MIO and KWY (Tables 2 and 4) , however, suggests slightly less acidic (pH > 3) conditions supported the retention or precipitation of these elements in the SiO 2 matrix of the coatings. The lack of Al in both MIO and KWY suggest that pH remained below 5 and/or other alteration factors (for example, flow rate) played a role in preventing Al retention or precipitation. The Fe-and Ti-rich layers in or on the coatings (Table 4 ; Ferich layers in MIO Morphologies 1 and 2, the Fe-and Ti-rich layer on MIO Morphology 4, Ti-rich capping layers on KW and KWY) are likely the result of precipitation, but the cause of the varying abundances of Fe and Ti in the layers is not well understood. We assume that the balance of Fe and Ti precipitation was controlled by a variety of factors (pH, redox conditions, fluid/rock, flow rate, etc.). Spectral data (see section 5.6 below) offer insight into hosts of Fe and Ti in all the coatings.
[51] To explain the mineral-bearing coatings of MIO (Morphology 3; Figure 3c ), KWY (Figure 11b ), and KW (Figure 13b ), the origin of the minerals and SiO 2 encasing them must be explained. The minerals, which include pyroxene, feldspar and Fe-Ti oxides, most likely originate from tephra [Hay and Jones, 1972; Farr and Adams, 1984; Curtiss et al., 1985] deposited on the rocks by eruption or wind. The proximity of all sample locations to the Halemaumau vent provides an abundant source of ash or tephra. SiO 2 is derived from leaching and/or dissolution of either the basalt substrate, as outlined above, or of the tephra itself. SiO 2 release during pyroxene and feldspar dissolution at low pH has been observed in multiple studies [Siegel and Pfannkuch, 1984; Casey et al., 1988; Rose, 1991; Knauss et al., 1993; Stillings and Brantley, 1995; Tosca et al., 2004; Hurowitz et al., 2005] . Derivation of SiO 2 from tephra alteration and subsequent formation of coatings consisting of the SiO 2 and the remnant minerals has been described by Hay and Jones [1972] , Farr and Adams [1984] and Curtiss et al. [1985] . The brown MIO coating (Morphology 3; Figure 3c ) appears to capture an early stage of tephra entrapment by SiO 2 . The KWY and KW coatings (Figures 11b and  13b) likely represent a later stage of tephra-to-coating transition as they are primarily SiO 2 with few, still-unaltered minerals remaining in the SiO 2 matrix. An important characteristic of these coatings is that they consistently rest on marble-textured coatings, suggesting that tephra deposition and incorporation into a coating occurred after the process that led to the marble-textured coatings. The stratigraphy of the marble-textured and mineral-bearing coatings echoes the morphology observed by Tosca et al. [2004] with amorphous SiO 2 precipitated as a secondary phase over SiO 2 -rich leached layers.
[52] The mineral-bearing coatings of KW and KWY also contain S, which most likely originates from the incorporation of S-bearing volcanic gases into the water altering the basalts. The Halemaumau vent, in addition to serving as a source of tephra, is a feasible source for such volcanic gases. S from volcanic exhalations dissolves into aqueous fluids and typically becomes incorporated into alteration products as secondary sulfates [e.g., Burns, 1987; Banin et al., 1997; Tosca et al., 2004] . The VNIR spectral data described below provide some insight into the nature of the S in the mineralbearing KW and KWY coatings. The presence of S in the altering fluid is consistent with the acidic conditions implicated in coating formation for all the samples of this study. However, the lack of S in the coatings of MIO, MIY, or MUO or in the marble-textured coatings of KWY or KW suggests that different conditions governed formation of the marble-textured and mineral-bearing coatings. Different formation pathways for the marble-textured and mineralbearing coatings are suggested by the fact that the latter contains mineral fragments and that the latter appears to have consistently formed later than the former. It is possible that the two coating types formed from separate fluids or from a single fluid whose character (composition, acidity, concentration, etc.) evolved through interaction with the substrate basalt and/or the marble-textured coatings to yield differing behaviors of S. Given the proximity of the KW and KWY sites to an actively degassing vent, perhaps the mineral-bearing coatings did not form via aqueous alteration at all, but from vapor deposition. Deposition of Si and S [Stearns and Vaksvik, 1935; Macdonald, 1944] from volcanic gases has been observed near active vents. Ash or tephra must have been entrapped by the Si vapors to explain the minerals in the KW and KWY coatings. Alternatively, if fluid conditions were such that S did precipitate during the formation of the marble-textured coatings, post-precipitation removal of the S-bearing phase is required. For example, removal of sulfate through a wetting event was suggested by Curtiss et al. [1985] to explain the lack of secondary sulfates in their SiO 2 -rich coatings.
Visible/Near Infrared
[53] The absorptions present in the interior spectra of the five samples are consistent with the presence of basaltic glass, augite, olivine, plagioclase, and chromite in the samples. Broad absorptions in the MIO and MIY spectra (Figures 4  and 8 ) centered near 1.0 and 2.3 mm likely result from Fe 2+ electronic excitations in augite. The broad absorption near 1.3 mm likely results from olivine, which may also influence the 1.0-mm band character. The broad absorptions in the MUO, KWY, and KW spectra (Figures 10, 12 , and 14) centered near 1.1 and 1.9 mm are likely due to Fe 2+ electronic excitations in the glassy matrix of the basalts, as glass-rich basalts analyzed by Minitti et al. [2002] exhibited absorptions at similar wavelengths. It is also possible that augite and olivine contribute to the 1.1-mm absorption and that augite contributes to the 1.9 mm absorption. The shape of all the interior spectra at <0.7 mm is likely due to the combined signature of the basaltic glass and chromite along with the coarse ''particle size'' (i.e., bulk, natural-surface samples) of the analyzed samples (Figures 4, 8, 10, 12, and 14) . The glassrich basalts analyzed by Minitti et al. [2002] were of coarse particle size (75-500 mm) and exhibited similar spectral structure at <0.7 mm. Differences between the interior spectra of each sample (Figures 4, 8, 10 , 12, and 14) can be explained either by variations in the precise proportions of phases (glass, plagioclase, pyroxene, and oxides) in each sample or by variations in the proportions of phases present in the analysis spot on each sample.
[54] The overall shapes of all the colored coating spectra are consistent with the spectral character of H 2 O-bearing (opaline) SiO 2 , the dominant constituent of the coatings. Opaline SiO 2 is capable of accounting for the absorptions at <0.7 mm, the reflectance maxima near 0.7 mm, the negative spectral slopes, and the absorptions near 1.9 mm apparent in most of the colored coating spectra (Figure 15 ). Opaline SiO 2 would also account for the minor absorption in the MIO and KWY spectra near 1.45 and the minor absorption in the MIO spectrum near 2.3 mm (Figures 4 and 12) . The bands near 1.45, 1.93, and 2.3 mm are due to overtones and combinations of H 2 O or OH vibrations in the opaline SiO 2 .
[55] Other spectral features in the colored coating spectra appear to result from the Fe-, Ti-, and S-bearing components in the coatings. The bands near 0.48, 0.66, and 0.85 mm in the MIO orange coating spectrum can be accounted for by the presence of ferric oxides/oxyhydroxides such as hematite, goethite, or lepidocrocite (Figure 4 ; e.g., Burns [1993a Burns [ , 1993b ; Morris et al. [1985] ; Bishop et al. [1993] ). Ferric oxides/oxyhydroxides would also contribute to the absorption edge at <0.76 mm and the negative spectral slope exhibited by the colored MIO coating. Ferric oxyhydroxides could also contribute to the water-related absorption at 1.9 mm. Some ferric oxides/oxyhydroxides are consistent with the orange color of the MIO colored coating and with the SEM and electron probe data that demonstrate the enrichment of Fe in the bright layers interspersed in the largely opaline coating. Because the features associated with the ferric oxides/oxyhydroxides are weak, the phases are probably nanophase or minor components of the coating. Poorly crystalline ferric oxides/oxyhydroxides are consistent with the type of phases precipitated out of leaching fluids [e.g., Tosca et al., 2004] . The broad band near 1 mm (Figure 4 ) is due to Fe 2+ , possibly from the pyroxene and/or olivine present in the mineral-bearing brown coating (Morphology 3, Figure 3c ). The minor absorptions near 1.25 and 2.3 mm (Figure 4) are not readily assigned to a Fe-or Ti-rich phase that might be present in the coatings but it is possible that they also result from minerals in the brown coating.
[56] The spectra of the colored coatings of MIY and MUO are similar and exhibit fewer features than the colored coating of MIO, making it difficult to determine the phases that influence the coatings (Figures 8 and 10 ). The only feature in both spectra not accounted for by opaline SiO 2 is the minor absorption near 0.48 mm (Figures 8 and 10 ). The presence of Fe 3+ in many minerals leads to an absorption at this wavelength depending on the relative strength of this absorption feature compared with the nearby ferric bands [Burns, 1993a [Burns, , 1993b . The Fe 3+ -bearing phases possibly responsible for the MIO colored coating absorptions (hematite, goethite, or lepidocrocite) are also capable of yielding the 0.48-mm absorption [Morris and Lauer, 1990; Burns, 1993a Burns, , 1993b . Either Fe-oxyhydroxide or hematite also accounts for the particular character of the absorption at wavelengths shorter that 0.7 mm. Lepidocrocite and goethite are consistent with the orange-yellow to orange color of the MIY and MUO coatings and the presence of Fe in the capping layer of the marble-textured coatings.
[57] It is not clear if the signature of the Ti in the capping layers of MIO Morphology 4, MIY and MUO is expressed in the colored coating spectra. If Ti is present in an amorphous phase [e.g., Furnes and E1-Anbaawy, 1980] , its spectral character may depend on its oxidation state. The spectra of silicate glasses with strictly Ti 4+ (and no Fe) exhibit a sharp absorption edge near 0.35 mm but no crystal field bands because Ti 4+ lacks the necessary transition electrons [Bell et al., 1976] . Spectra of glasses with a mixture of Ti 3+ and Ti
4+
have the same 0.35 mm absorption edge and also have a crystal field band near 0.5 mm [Bell et al., 1976] . This 0.5-mm band shifts to shorter wavelengths with increasing degree of oxidation of the glass. A band near 0.49 mm is also observed in the spectra of Ti-and Fe 2+ -bearing pyroxenes from an intervalence charge transfer transition between Ti 4+ and Fe 2+ [Burns, 1993a [Burns, , 1993b ]. It is possible, then, that an amorphous Ti-bearing phase in the capping layers of the MIO, MIY, and MUO coatings contributes to their observed 0.48 mm absorptions. If Ti were present in a mineral such as one of the TiO 2 polymorphs (anatase, brookite, and rutile), few of their spectral features would be distinguishable from the signatures of opaline SiO 2 and/or Fe-bearing phases. The TiO 2 polymorphs exhibit a narrow, shallow absorption near 0.34 mm and anatase exhibits a steep absorption edge at $0.39 mm. None of these features is apparent in the MIO, MIY, or MUO coating spectra suggesting that TiO 2 is present in an amorphous phase and/or that the Ti host is not spectrally discernable from the other coating materials.
[58] The spectra of the colored coatings of KW and KWY exhibit complex behavior that can be explained by a number of factors. A first order observation of both the KW and KWY spectra is that their absorption edges at <0.7 mm occur at shorter wavelengths than those of the MIO, MIY, and MUO coatings (Figure 15 ). This observation suggests that Fe has less control over the KW and KWY spectra than it does over those of MIO, MIY, and MUO. The shorter wavelength absorption edges in the KW and KWY spectra could be due to the presence of S, as the spectrum of pure S has an absorption edge near 0.40 mm. The absorption edges could be due to Ti in an amorphous phase or in anatase (sharp absorption edges at 0.35 mm [Bell et al., 1976] ) given that the capped coatings of KW and KWY have the highest concentrations of Ti (Table 3) . Anatase has been identified as a phase in Hawaiian coatings collected in the same area as those of this study [Deal et al., 2003; Chemtob et al., 2006] ; however, that anatase is Fe 3+ -bearing and proposed to have resulted from vapor deposition [Chemtob et al., 2006] . The KW and KWY absorption edges could simply be explained by the spectral dominance of the opaline component of the coatings relative to the spectral signatures of the minor elements. Opal exhibits a broad absorption edge between 0.3 and 0.7 mm and is consistent with the H 2 Oand OH-related feature at 1.95 mm; we assume that the spectra of the opaline SiO 2 in the coatings would also exhibit these features.
[59] A second order observation of the KW and KWY spectra is that the KWY spectra have absorptions near 0.48 mm whereas the KW spectrum does not (Figures 12  and 14) . Transitions either in Fe 3+ or between Fe 2+ and Ti 4+ can account for the 0.48-mm absorption [Bell et al., 1976; Burns, 1993a Burns, , 1993b in the KWY spectra because the KWY coatings contain Fe and Ti. However, the KW coatings have Fe and Ti, as well. It is possible that the KW spectrum lacks the 0.48-mm feature because the S and/or opaline components of the coating dominate the spectral signature of the coating thereby masking the 0.48-mm feature.
[60] The inconsistency among the KW and KWY data illustrates the complexity of linking the macroscopic, microscopic, and spectral observations from the KW and KWY coatings. The spectral characters of the white and yellow KWY coatings are effectively identical despite their association with two different coating types [white coating: Ti-capped marble-textured coating ( Figure 11a ); yellow coating: mineral-and S-bearing coating (Figure 11b) ]. Similarly for KW, despite identifying two different coating types at the macroscopic and microscopic levels [Ticapped, marble-textured ( Figure 13a) ; mineral-and Sbearing (Figure 13b) ], only one spectral signature was detected from the coating. For KW, it is feasible that the spectrum from one of the coating types was not obtained because of the uniform color of the coating, but the microscopic evidence from KWY suggests that different coating spectra should have been identified on KWY based on color. Perhaps both the S-bearing and marbletextured coatings on KWY have the same signature and that common components in the coatings (opaline SiO 2 , Fe, and Ti) dominate the spectral signature. Alternatively, the KWY spectra may simply suggest that the correlation of its macroscopic and microscopic coating morphologies was incorrect or overly simplistic.
Thermal Infrared
[61] The TIR interior spectra of most of the samples of this study are similar and consistent with derivation from E05015 MINITTI ET AL.: HAWAIIAN ROCK COATINGS the combined spectral signatures of pristine glass, pyroxene, olivine, and plagioclase in the basalts (Figure 6 ). The broad, squared-off feature between 1200 and 800 cm À1 and the minor features between 550 and 350 cm À1 in the MIO, MIY, and MUO spectra resemble features exhibited by the multiple spectra of Minitti et al. [2002] from synthetic, glass-bearing basalts and of Feely and Christensen [1999] and Hamilton and Christensen [2000] of natural, crystalline basalts. At small wave numbers (i.e., <600 cm À1 ), the KWY interior spectrum resembles the other interior spectra (Figure 6 ). Between $1200 and 800 cm À1 , however, the KWY spectrum has a bifurcated structure which is consistent with the basaltic glass devitrification features identified in the spectra of natural Hawaiian basalts by Crisp et al. [1990] . Gradual ordering of basalt glass structure, which does not require the action of water or another alteration agent, initially produces spectral features near 940 and 1100 cm À1 [Crisp et al., 1990] ; these features correlate with the features exhibited by the KWY interior ( Figure 6) . It is also possible that the KWY interior spectrum results from inclusion of the signature of the coating spectrum due to patches of the coating in vesicles exposed on the analyzed interior face. The double feature between 1200 and 800 cm À1 is observed by Crisp et al. [1990] in the spectra of basalt glasses partially coated by SiO 2 coatings and by Geotti-Bianchini et al. [1991] and Kraft et al. [2003] in the spectra of basalts coated with thin (<3 mm) opaline coatings.
[62] Another notable difference between the interior spectra is their relative spectral contrasts ( Figure 6 ). The physical state of the interior of the samples appears to control the spectral contrast. For example, MIY, which has the largest spectral contrast, is a nonporous, massive basalt whereas MIO and KWY, which have very low spectral contrasts, are very porous basalts.
[63] The major features at 1225, 1100, 780, and 475 cm
À1
in the spectra of the coated surfaces ( Figure 5 ) also occur in the spectra of pure SiO 2 glasses or SiO 2 -rich glasses and coatings [Almeida, 1992; Kamitsos et al., 1993; Bandfield et al., 2000; Wyatt et al., 2001; Kraft et al., 2003] . The $1225-and 1100-cm À1 bands represent two states of the SiO 2 asymmetric stretching mode (n 3 ), the $780-cm À1 band results from the symmetric stretching mode (n 1 ), and the $475-cm À1 band represents the rocking (bending) mode [e.g., Lucovsky et al., 1986; Pai et al., 1986; Kirk, 1988; Lange, 1989] . Crisp et al. [1990] observe a 1225-cm
shoulder on a well-developed 1100 cm -1 feature related to SiO 2 coatings partially covering natural, devitrified basalts. Thus, we conclude that the major features in the thermal infrared spectra of coated surfaces result from the SiO 2 coating and that substrate basalt does not contribute to the coated surface spectrum, except in the case of MUO ( Figure 5 ). This conclusion is consistent with Kraft et al. [2003] who demonstrated that uniform SiO 2 coatings over basalt as thin as 6 mm are sufficient to completely mask the basalt signature. The coatings on the MIO, MIY, KWY, and KW samples are between 10 and 80 mm thick.
[64] The lone exception, MUO, has a 2 -3 mm thick coating that exhibits a broad absorption near 875 cm À1 in addition to the major features seen in the other SiO 2 coating spectra ( Figure 5 ). Multiple geometries could account for the additional MUO coating spectrum feature. Generally, volume scattering could account for the 875 cm À1 feature as a broad interband feature, but the MUO coating spectrum between $2000 and 1300 cm À1 (spectrum not shown above 1450 cm À1 ) does not exhibit evidence for volume scattering. The features in the MUO spectrum also can be correlated to features exhibited by the spectrum of a devitrified basalt glass partially coated with SiO 2 [Crisp et al., 1990] . If the MUO coating spectrum results from this geometry, it would explain the resemblance of the spectrum to the KWY interior spectrum (Figure 6) . A third possibility is that the features in the MUO spectrum result from a combination of a pristine (nondevitrified) glass substrate underlying a thin (<3 mm), uniformly distributed SiO 2 coating as observed in the studies of Geotti-Bianchini et al. [1991] and Kraft et al. [2003] . Overall, the MUO coated surface spectrum results either from a combination of SiO 2 coating and devitrified substrate glass or a nonlinear combination of SiO 2 coating and pristine substrate glass.
[65] There appears to be a general relationship between coating thickness and the depth of the features at 1250 and 1100 cm À1 ( Figure 5 ). MIO has the thickest coating and the deepest 1250 and 1100 cm À1 features whereas MIY and MUO have thin coatings and shallow features. The correlation between coating thickness and spectral feature depth does not hold for the 475 cm À1 feature as MUO, KWY, and KW have 475 cm À1 features of roughly the same depth. Also, there does not appear to be a relationship between the colors of the coatings and the TIR spectral character because the coloring-agent elements are not forming dominant structural bonds in the material. This observation is consistent with the chemical and VNIR data that indicate the coloring agents in the coatings are minor components.
Summary and Implications for Mars Coatings
[66] This thorough study of five Hawaiian samples reveals the chemistry, spectral character, and formation conditions of the coatings on the samples. All of the coatings studied are predominantly H 2 O-bearing (opaline) SiO 2 and contain varying abundances of Fe, Ti, and/or S ( Table 4) . The chemistry and spectral character of the coatings are consistent with formation by leaching (partial dissolution)-precipitation and/or dissolution-precipitation mechanisms under aqueous, acidic, and oxidizing conditions. Low oxide totals obtained in electron microprobe analyses and water-related absorption bands in the VNIR spectra of the coatings establish the role of water in coating formation. The VNIR spectra also almost all contain Fe 3+ -related absorptions, indicative of oxidizing conditions. The presence of S in a subset of the coatings and the lack of Fe and Ti outside Fe-and Ti-rich layers in most of the coatings argue that very acidic (pH < 3) conditions dominated coating formation. Furthermore, multiple studies of Hawaiian alteration indicate that aqueous, acidic, and oxidizing conditions are feasible, if not likely, for the region where the coatings of this study formed [Macdonald, 1944; Hay and Jones, 1972; Farr and Adams, 1984; Curtiss et al., 1985; Morris et al., 2000] . The basalt glass substrate or, in some cases, tephra deposited on the substrate rocks were the materials subject to leaching and/or dissolution. Coatings exist on samples as young as $20 years old, suggesting a relatively rapid timeframe for coating formation. Similarly rapid coating formation has been observed on other Ka'u desert samples ($30 years; Curtiss et al. [1985] ; Chemtob et al. [2006] ). The consistent relationship between the dominant coating chemistry (H 2 O-bearing SiO 2 ) and the substrate chemistry of all five rocks (Table 1) suggests that largely opaline coatings could be diagnostic of basaltic substrate rocks weathered in aqueous, acidic, and oxidizing conditions. In turn, the minor differences in coating chemistry likely result from minor differences among the specific formation conditions (for example, pH) of each sample. The VNIR character of the coatings is dominated by the minor elements in the coatings, whether they are incorporated directly in the opaline matrix (S?) or contained within distinct phases (Fe and Ti). The thermal infrared character of the coatings is dominated by the opaline component of the coatings. Coating thicknesses (3 -80 mm) are sufficient enough to partially or entirely obscure the spectral character of the substrate basalt at both VNIR and thermal infrared wavelengths.
Martian Alteration Conditions
[67] For coatings to form on Mars using pathways similar to those of this study, aqueous, acidic, and oxidizing conditions are required. Sources of water for altering Martian basaltic rocks exist in varying amounts and over varying timescales on Mars. Definitive evidence of hydrogen, presumably in the form of water ice, in the current Martian subsurface is provided by the Mars Odyssey Neutron Spectrometer (NS) [Feldman et al., 2004] . NS data reveal that the majority of Mars has hydrogen contents translating to water mass fractions of at least 2% with significant (20 -100%) quantities of subsurface water ice at latitudes poleward of 50°north and south. Other potential sources of water are water ice deposits in the midlatitude terrains either in the subsurface [e.g., Mellon and Jakosky, 1995; Mustard et al., 2001] or on the surface [e.g., Christensen, 2003] . These deposits, likely formed by mobilization of water from polar water ice deposits to lower latitude terrains during periods of high obliquity, could lead to meters-thick water ice deposits [e.g., Jakosky and Carr, 1985; Mellon and Jakosky, 1995] . It is feasible that these current or periodic water ice sources could make water available for weathering basaltic rocks. Arguments for water stability under ice or snow deposits are provided by Clow [1987] , Hecht [2002] , and Christensen [2003] . Derivation of water from regolith-based ice deposits under current conditions is controversial [e.g., Mellon and Phillips, 2001 ] but some studies suggest that conditions permitting the stability of water can exist in limited regions on the current Martian surface [Haberle et al., 2001; Hecht, 2002] . The persistent presence of significant water sources poleward of 50°n orth and south suggested by NS data and the relatively short timescales over which purported midlatitude water ice deposits are replenished (10 5 -10 6 years; Jakosky and Carr [1985] ), suggest that even small quantities of water from these water sources could be expected to lead to weathering over geologic timescales.
[68] The results from MER provide strong evidence for the action of water in the formation and alteration of lithologies at both landing sites. Chemical and mineralogical data from Gusev Crater rocks are consistent with the creation of alteration rinds by the interaction of small amounts of water with basaltic rocks [Haskin, 2005; Hurowitz et al., 2006] . Water is also implicated by the presence of goethite detected by Mössbauer in Gusev rocks because the hydroxyl OH is structurally fundamental to goethite and goethite typically forms in aqueous environments on Earth [Deer et al., 1966; Cornell and Schwertmann, 1996; Morris et al., 2006] . Unusual normative mineralogies, the presence of volatile elements and detection of minerals typically associated with formation in aqueous conditions are stated as evidence of aqueous alteration of the rocks and soils of the Columbia Hills . The chemistry, mineralogy (particularly sulfates and hematite), sedimentary structures and diagenetic features of outcrops at Meridiani Planum argue for the activity of shallow surface and subsurface water [Herkenhoff et al., 2004; Klingelhofer et al., 2004; Rieder et al., 2004; Squyres et al., 2004 Squyres et al., , 2006 Clark et al., 2005; Grotzinger et al., 2005; McLennan et al., 2005] . Coatings on a subset of the outcrops at Meridiani are also hypothesized to have formed through the action of small amounts of water [Learner et al., 2006; Squyres et al., 2006; Jolliff et al., 2006] .
[69] Chemical and spectral measurements of Martian materials provide evidence for oxidizing and acidic conditions, perhaps pervasively, on Mars. VNIR spectra from light and dark regions on Mars have long been attributed to oxidized materials, from various forms of hematite in the soils to thin Fe 3+ -bearing coatings on basaltic rocks [Adams and McCord, 1969; Singer and McCord, 1979; Singer, 1980; Morris et al., 1989 Morris et al., , 2000 . The signature of increasing alteration in rocks from Gusev Crater is elevated Fe 3+ /Fe tot in Mössbauer data [Morris et al., 2006] . The existence of acidic fluids, likely created through the interaction of acidic volcanic volatiles and Martian water, is used to explain the high S and Cl contents of Martian soil [Settle, 1979; Clark and Van Hart, 1981; Burns, 1987; Banin et al., 1997] . The water that produced alteration rinds of rocks at Gusev had to be acidic in order to account for the observed chemical signatures [Hurowitz et al., 2006] . The presence of Fe 3+ -bearing sulfate in a soil sample at Gusev Morris et al., 2006] provides further evidence of the action of acidic fluids in the Columbia Hills within Gusev. Identification of jarosite at Meridiani confirms that fluids with pH < 4 [van Breemen, 1982; Burns, 1987; Burns and Fisher, 1990; Morris et al., 2000] played a role in the formation of the outcrops across the landing site. OMEGA/ Mars Express [Bibring and the OMEGA Team, 2004] has also detected sulfates in a variety of locations across Mars [Gendrin et al., 2005] , but it is not clear if they required acidic fluids to form.
Coating Detectability
[70] Given the compelling similarities between Martian alteration conditions and the Hawaiian alteration conditions that governed the formation of the coatings of this study, it is important to assess the detectability of such coatings in Martian data sets. This study details the chemical, morphological, and spectral complexity of terrestrial coatings and constrains the ability of a variety of measurements to delineate the physical and chemical characteristics of such coatings. From a chemical standpoint, SiO 2 -dominated coatings tens of micrometers in thickness should be detectable given the depth sensitivities of both the alpha and x-ray modes of the MER Alpha Particle X-Ray Spectrometer (MER-APXS) [Rieder et al., 2003] . Such coatings would also be apparent in MER-APXS data from analyses of surfaces before and after grinding with the Rock Abrasion Tool (RAT). For the MPF-APXS instrument, Foley et al. [2003] claim that agreement between the data from the x-ray and alpha modes indicate that the analyzed rocks exhibited no significant heterogeneity in the top tens of micrometers. While thicker coatings would likely be detected by the MPF-APXS and MER-APXS instruments, detection of thin (<5 mm), SiO 2 -dominated coatings and minor chemical differences in those coatings might be difficult, depending on details of the depth sensitivities and detection limits for different elements. As shown in this work, differences between the strictly Fe-and Tibearing coatings and the S-bearing coatings (Figure 15 ) would be apparent at VNIR wavelengths (<1 mm) available from previously landed instruments (Imager for Mars Pathfinder [Smith et al., 1997] ; MER Pancam [Bell et al., 2004] ). Data from these wavelengths could not isolate the signature of the opaline component of the coatings, but longer wavelength VNIR data such as those available from current orbiting VNIR instruments (OMEGA; CRISM [Murchie et al., 2007] ) could establish the presence of opaline coatings through the spectral signature of their water bands. Minor chemical differences of the coatings would not be apparent in thermal infrared spectral data, but the overall opaline nature of coatings could be isolated in the thermal infrared. The different sensitivities of VNIR and thermal infrared data demonstrate the importance of using spectral data from a range of wavelengths to study the Martian surface. Finally, the ability of Martian rock measurements to discern the weathering environments of coated rocks depends on the aggregate detectability of coatings in the multiple data sets discussed above. If opaline coatings were detected overlying basaltic substrate rocks by interpreting their chemical and/or spectral signatures, the results would suggest the action of water in periodic contact with basaltic glass, perhaps over many wetting and drying cycles. If minor chemical differences of coatings could be detected, such as S in largely SiO 2 coatings, it could provide the further constraint of involvement of volcanic gases in coating formation. The measurement of such chemistry could in turn provide insight into the proximity and/or activity of a volcanic center.
[71] Are coatings like those of this study consistent with current data from Mars missions? Constraints established by Michalski et al. [2005] on the spectral character of the component responsible for the high-SiO 2 glass signature in the TES surface Type 2 spectrum indicate that the spectrum of the component must have an emissivity minimum between $1075 and 1110 cm À1 . The emissivity minima of the Figure 16 . IMP spectra from rocks at the Mars Pathfinder landing site (Maroon, Orange, Gray, Black) compared to the spectrum of the MUO coating. IMP spectra from Murchie et al. [2005] . thermal infrared spectra of the coatings of this study fall between 1090 and 1100 cm À1 (Figure 5 ), making the coatings viable candidates for the high-SiO 2 component of the Type 2 spectrum. In particular, the spectra of MIY and MUO with minima at 1090 cm À1 provide the closest match to the spectrum of the obsidian component (emissivity minimum at 1087 cm À1 ) utilized in the deconvolution of the Type 2 spectrum [Bandfield et al., 2000; Michalski et al., 2005] .
[72] In Mars Pathfinder data, the lack of significant compositional heterogeneity in the top tens of micrometers of rock analyses [Foley et al., 2003] suggest that the thickest coatings of this study (for example, MIO, KWY, and KW) cannot explain the MP-APXS data. An MUO-like coating of only 3 mm thickness could have escaped detection by the MP-APXS; however, its VNIR spectral signature does not provide a compelling match to IMP data from a variety of rocks (Murchie et al. [2005] ; Figure 16 ).
[73] The fundamental process that led to the coatings of this study (basalt alteration in aqueous, acidic, and oxidizing conditions) was cited as the formation mechanism of alteration rinds observed on Gusev rocks [Hurowitz et al., 2006] . While the basalts at Gusev are crystalline (as opposed to glassy basalts of this study), it is still instructive to quantitatively compare these Hawaiian coatings and those proposed on Mars [Hurowitz et al., 2006; Learner et al., 2006; Jolliff et al., 2006] using spectral parameters (band depths, ratios, and slopes) employed by to study Pancam data of Gusev rocks (Table 5) . NIR slopes (between 754 to 864 and 754 to 1009 nm) are indicators of the positions of a reflectance maximum and a possible long wavelength (>800 nm) absorption. NIR ratio (ratio of reflectances at 800 and 900 nm) is a measure of the presence and/or strength of an Fe 2+ -or Fe
3+
-related absorption near 900 nm. There is significant overlap between NIR ratios of Gusev plains rocks and rocks of this study (Figures 17a and 17b ) but only MUO and KWY have 754-to-864 nm NIR slopes that fall within representative standard deviations of the Gusev rock data (Figure 17a) . Specifically, MUO and KWY most closely correspond to . (b) A 754-to 1009-nm slope versus 800:900-nm ratio. Symbols as in Figure 17a . Error bars represent the average error over all measured Gusev data . (c) A 535-nm band depth versus 900-nm band depth. Symbols as in Figure 17a . the spectral parameters of Gusev plains rocks (Adirondack, Humphrey). Only MUO continues to be consistent with Gusev plains data on plots of 754-to-1009 nm NIR slope (Figure 17b ). On both NIR slope plots (Figures 17a  and 17b) , MUO falls at the least-altered end of the trend delineated by Gusev data . There is little overlap in band ratios and slopes between the Hawaiian coatings and the Meridiani rocks, a result consistent with the observation that leaching was likely not responsible for the Meridiani coatings [Learner et al., 2006; Squyres et al., 2006; Jolliff et al., 2006] .
[74] The rocks of this study have no spectral similarities to Mars data on a plot of band depths at 535 and 900 nm (Figure 17c ). All Mars data fall at positive 535 nm band depths whereas MUO has a negative 535 nm band depth. Only MIO has a positive 535-band depth, but its other spectral parameters do not coincide with any of the Mars rock spectral parameters (Figure 17) . The spectra themselves reveal why the Hawaiian-rock spectral parameters do not match those of the Mars rocks. The overlap in the NIR ratios of the Hawaiian and Mars rocks is largely a coincidence. The Mars data tend to have NIR ratios >1 because of an absorption near 900 nm [e.g., Farrand et al., 2006] whereas the Hawaiian samples have NIR ratios >1 because of the coating-derived, well-developed negative slope at wavelengths >700 nm (Figure 15 ). The significant offsets of most of the Hawaiian-rock data from the Mars-rock data on the NIR ratio plots (Figures 17a and 17b) are due also to the negative NIR slope of the Hawaiian-sample spectra. MUO has NIR slopes comparable to Gusev data due to its low reflectivity and therefore shallow slope. The position of the Fe 3+ -related absorption in the majority of the Hawaiian sample spectra ($480 nm; Figure 15 ) produces negative 535-nm-band depths. The spectra of most of the Hawaiian rocks steeply increase in reflectance from 480 nm to their reflectance maxima between 620 and 750 nm (Figure 15) . Only MIO has a sufficiently deep feature near 480 nm to deflect its spectrum enough to produce a positive 535-nm band depth. For the Gusev rocks, Farrand et al. [2006] attributes the 535-nm feature attributed to a number of factors including degree of oxidation, the proportion of ferric phases, dust and/or hematite. If the 535-nm feature in the Gusev data is due to dust on analyzed rocks, then the coating spectra of this study would naturally lack this feature and overlap in 535-nm band depth would not be expected. Similarly, the Hawaiian rocks would lack the feature if the ferric phase responsible for absorption in this wavelength range is present in lesser quantities than it is in the Gusev rocks. Thus, if mismatch between the 535-nm band depths of MUO and the Gusev rocks can be explained, it is possible for the MUO coating spectrum to be compatible with the Gusev spectral data. Chemically, no significant difference exists between SiO 2 contents of MER-APXS analyses pre-and postgrinding with the RAT [Gellert et al., 2004] . Furthermore, projections of chemistry on preand postgrinding Gusev rocks are consistent with olivine dissolution, which implies Si depletion [Hurowitz et al., 2006] , not enrichment as would be expected from the presence of a SiO 2 -rich coating. However, because MUO, the most thinly coated Hawaiian sample, provides the most promising spectral analog to the Gusev plains data, its presence could be masked in the MER-APXS data [Rieder et al., 2003] . Thus, the combined Pancam and MER-APXS data suggest that if opaline coatings are present on the rocks of the Gusev plains, then they must be thin.
